• The main body of research is dominated by traditional environmental health issues.
Introduction
Unconventional natural gas development (UNGD) is rapidly expanding globally with a number of countries expressing interest in developing these resources. To date, major shale gas reserves include those in the Algeria, Argentina, Australia, Brazil, Canada, China, Mexico, Russia, South Africa, and the USA (U.S. Energy Information Administration, 2013), while coal seam gas (CSG) is produced on a major scale in Australia, Canada, China, and the USA (McGlade et al., 2013) . Unconventional gas differs from conventional gas in that larger volumes of gas in more difficult to access places are being developed (Canadian Association of Petroleum Producers, 2012) , with unconventional gas usually coming from low-permeability reservoirs, such as coal seams, shale formations, tight sand formations, and conventional gas coming from porous carbonate and sandstone formations (Vidic et al., 2013) .
Shale gas is trapped in shale formations and, due to its low permeability, shale gas production typically utilises two major technologies: hydraulic fracturing and horizontal drilling (U.S. Department of Energy, 2013). Tight gas is similar to some conventional gas formations in that it is trapped in limestone and sandstone (U.S. Department of Energy, 2013); however, it has lower permeability and uses similar processes to shale such as hydraulic fracturing (Cook et al., 2013) . Production processes for shale gas and tight gas require large volumes of water (Cook et al., 2013) . On the contrary, CSG is found in coal seams and, unlike shale gas and tight gas, CSG is held in place by underground water, hence the need for dewatering (Ross and Darby, 2013; Rutovitz et al., 2011) . CSG produces large volumes of water because wells must be depressurised to release the water, which then allows the gas to flow (Cook et al., 2013; Rutovitz et al., 2011) . While hydraulic fracturing is a necessity for shale gas and tight gas (Cook et al., 2013; Ross and Darby, 2013; Rutovitz et al., 2011) , CSG does not always use hydraulic fracturing, unless permeability must be increased in order to increase production (Cook et al., 2013; CSIRO, 2014; Ross and Darby, 2013; Rutovitz et al., 2011) . Natural gas fields can be classified as either 'dry' (almost pure methane) or 'wet' (methane mixed with hydrocarbons such as ethane, propane, and butane, as well as condensate) (Williams et al., 2012) . In shale gas production, the gases are separated out and hydrocarbon liquid, referred to as condensate, is stored in condensate/ hydrocarbon storage tanks (Kibble et al., 2013) . Conversely, CSG is termed a 'dry' gas as it is mostly methane and has no condensate (Williams et al., 2012) .
Development of this resource has created concern in some communities and amongst some medical and public health professionals about potential environmental health issues and the potential, or actual, adverse health impacts these may have, especially on people living in nearby communities (Bamberger and Oswald, 2012; Colborn et al., 2011; Colorado Department of Public Health and Environment, 2010b; Ferrar et al., 2013; McDermott-Levy et al., 2013; McKenzie et al., 2012; Queensland Government, 2013) . This has resulted in calls for more research in this area, but it is unclear if the risks associated with UNGD are beyond what is experienced with any resource development, such as coal mining, that has rapid growth in smaller communities, e.g., diesel emissions from trucks, emissions associated with extraction and processing, contaminated water, risk perception of affected communities, and concerns about impacts on mental health. Ahern et al. (2011) noted that mounting evidence is showing that coal mining and coal processing areas are associated with environmental toxicity; therefore, it is important to determine the extent to which risks associated with UNGD are greater than or less than those in other extractive industries or if unique risks are present. The majority of reports have been related to environmental impacts of UNGD activities. Detrimental changes in water quality and quantity, air quality, noise, and odours are commonly reported (Bamberger and Oswald, 2012; Colorado Department of Public Health and Environment, 2010b; Queensland Government, 2013) . Concerns have also been raised about food safety, for instance, with potential exposure of farm animals to environmental contaminants from UNGD (Bamberger and Oswald, 2012) .
Health outcomes reported to be in some way associated to these environmental impacts are symptoms of upper respiratory tract ailments, burning eyes, headaches, vomiting, diarrhoea, rashes, and nosebleeds (Bamberger and Oswald, 2012; Colorado Department of Public Health and Environment, 2010b; McDermott-Levy et al., 2013; Queensland Government, 2013; Saberi, 2013; Subra, 2009 Subra, , 2010 . It should be noted that these reported symptoms are acute, short-term impacts and, while there may be the potential for chronic, long-term impacts (as discussed later), most of the impacts that have been reported thus far are short-term impacts due to the timeframe of UNGD and its rapid expansion. While the potential for adverse health outcomes as a result of UNGD is strongly advocated for in these studies, there appears to be a dearth of reporting on scientific and epidemiological evidence of the measurable extent of environmental health outcomes, i.e., human exposure to environmental hazards of UNGD and consequent health effects of these exposures, especially in relation to longer term impacts.
While we recognise that the concerns voiced may yet prove to be valid, the aim of this review is to present a strength-of-evidence analysis of scientific reports on the environmental health impacts of UNGD. The purpose is to determine the current state of environmental hazard, exposure, and health outcome knowledge and to reflect on what needs to be done to strengthen the evidence base of pressing concerns.
This article presents a comprehensive review of science-based studies of environmental health impacts caused by the development of unconventional natural gas resources, specifically shale gas, tight gas, and CSG. The primary focus of the review was on studies that examined direct exposure to environmental hazards reportedly caused by UNGD and/or direct health outcomes from this exposure. The review then concludes with a discussion of potential shortcomings in how these studies address the reported environmental health concerns.
1.1. Scope of the review
Environmental health impact
The World Health Organization (WHO) (2012) defines environmental health as human health determined by exposure to external environmental factors. For this review, environmental health impact is, therefore, health outcomes that can be related to human exposure to environmental factors including health hazards in environmental media, such as air, water, food, and soil, as well as environmental conditions such as noise and light.
UNGD processes are environmental activities with a predicted average of a 20-30 year lifespan , depending on conditions in the respective gas fields. A number of its processes are reported to have the potential to create environmental hazards that could potentially lead to adverse health impacts, assuming people are exposed to the associated environmental exposure media and pathways.
Focus and scope
This review focusses on studies about evidence of health outcomes associated with measurable exposure to the environmental activities of UNGD. The scope of this activity is limited to unconventional gas, namely shale gas, tight gas, and coal seam gas, which mostly consists of methane (CH 4 ).
UNGD activities present numerous, complex environmental health issues (Kaktins, 2011; Lauver, 2012; McDermott-Levy and Kaktins, 2012) . It should be noted that UNGD activities are now moving closer to residential areas and schools, which may be due to technological innovations that have allowed access to gas in formations that were previously inaccessible (Colborn et al., 2014; Korfmacher et al., 2013) . This raises the imperative for providing a clear evidence base of human consequences of this activity.
UNGD is often a rapid process, with typical drilling and fracturing of a well requiring approximately three weeks (Zoback et al., 2010) . The process generally consists of different phases of development: exploration; well pad development and well drilling; hydraulic fracturing (if needed); capture and processing of gas or flaring/venting of gas during exploration; transportation; storage, treatment and/or disposal of produced water or flowback water from hydraulic fracturing and other wastes; and decommissioning and rehabilitation (Kibble et al., 2013) . Our scope for this review encompasses exploration, well drilling, the process of hydraulic fracturing, including transport, storage, and handling of chemicals associated with hydraulic fracturing, and gas extraction. It also includes capping of non-production wells, as well as rehabilitation of spent extraction fields. This review does not include downstream processes of transporting the raw gas and purifying it to yield saleable gas.
Objectives of the review
We reviewed both the extent of reporting, meaning the number of studies, as well as the scientific content, meaning the strength of evidence, of studies with the objectives of:
(1) identifying and obtaining relevant scientific research reported in peer-reviewed literature (including editorials/commentaries) and grey literature (including white papers, non-peer reviewed studies, and accessible government documents) from January 1995 through March 2014, and; (2) reviewing and evaluating studies of relevant scientific investigation of UNGD activities, associated environmental hazards, and adverse human health outcomes.
Search and review strategy
This was a narrative review of current and past literature, which were systematically searched and screened for evidence of environmental health impacts associated with UNGD. Initially, literature databases were searched for studies based on primary research where authors collected original primary data. However, we encountered a dearth of strong scientific evidence and expanded the search to include studies based on secondary data, as well as studies more generally dealing with various levels of health risks and impacts related to UNGD. Studies were finally included/excluded according to a further classification of 'relevancy' (discussed below).
Search criteria

Reporting period
Studies published from January 1995 through March 2014 were searched, screened, and then reviewed for relevancy.
Key search terms
Key search terms were developed to ensure that all potentially relevant studies with content relating to 'environmental health', 'health impact', 'health effect', and 'environmental health impact' were identified. The searches were based on one primary key search term "…and health" and a range of secondary key search terms used with the primary key search term, e.g., 'natural gas' and 'health'. Key secondary search terms that ensured searches identified studies containing information on environmental hazards and exposure relevant to UNGD were 'unconventional gas', 'natural gas', 'natural resource development', 'coal seam gas', 'coalbed methane', 'coal bed methane', 'tight gas', and 'shale gas'.
Searches
Databases searched were: PubMed, ScienceDirect, and Scopus. Internet searches were conducted using Google Scholar, screening the first 50 results for potentially relevant studies. In addition, the PSE study citation database (http://psehealthyenergy.org/site/view/1180), which is regularly updated with peer-reviewed literature related to shale gas and tight oil development, was reviewed for potentially relevant studies. If the identified study was reported in a scientific journal article, it was likely already identified in one of the science-reporting databases and thus, the duplicates were ignored. Studies not mapping to a science journal -deemed grey literature -i.e., studies from government, research institutions, and other interested parties, were also retained and screened for relevancy.
Reference lists in the relevant studies were scanned for studies relevant to the scope of our review, as some of these were not initially identified by the database and Google Scholar searches.
Determining relevancy of a reported study according to strength of evidence
Relevant studies were identified following a two-step process: (1) search and pre-screening and (2) assessing against the inclusion criteria according to strength of evidence of health impact that is related to/caused by environmental hazards released by UNGD activitieswhich included qualitative and/or quantitative studies. Inclusion criteria were:
• Highly relevant: Evidence is presented of health impacts, or lack thereof, based on primary and/or secondary data that has been collected and/or analysed by the authors. These studies contained evidence of direct causality or strong associations between environmental health hazards related to UNGD activities and health outcomes (direct symptoms, disease, illness); • Relevant: Indirect assessment of health impacts, or lack thereof, based on primary and/or secondary data. These studies contained evidence of indirect associations between environmental health hazards related to UNGD activities and potential health outcomes. This means that these associations were mostly inferred, e.g., risk assessments, risk characterisation, calculations of cancer and non-cancer endpoints, indirect health impact assessment, or monitoring and assessment protocols designed to characterise risks, e.g., air and water quality monitoring and comparison against reference values; • Not very relevant: General discussion with allusion to implications for health. There is generally no clear evidence of, nor implications of or inferences to, hazards, exposures, and/or health consequences. This includes papers that discussed health in relation to UNGD without utilising data, e.g., discussion of other studies, and; • Irrelevant: The following studies were excluded: ∘ Studies that reported on potentially hazardous discharges and emissions for purposes clearly related to describing environmental impacts, with no discussion of human health issues; ∘ Studies published prior to 1995, conference abstracts, or published in non-English; ∘ Studies that focussed on sour gas, natural gas combustion, oil and oil-related studies, or offshore drilling; ∘ Studies on technical aspects of natural gas processing; ∘ Occupational health studies focussed on human factors and/or fatalities/injuries; ∘ Animal studies related to biodiversity, habitat selection, and species occurrence, and; ∘ Studies, predominantly from internet searches, that included views from environmental, industry, and social action groups due to the bias associated with such studies; however, it is acknowledged that studies in the peer-reviewed literature can also be biased towards specific groups.
Results and discussion
The initial search terms yielded a substantial number of studies (N1000 studies) from the search results, with overlapping search results across the four databases, as well as Google Scholar. After an initial review of the title and abstract of each article, according to the relevancy criteria, a much smaller number of relevant publications was retained for the review, with 70 studies from the peer-reviewed literature and 39 studies from the grey literature. Relevancy (according to strength of evidence) of the scientific journal articles from these sources is shown in Table 1 .
Only seven of these studies were 'highly relevant' -that is, provided evidence about direct associations between environmental health hazards related to UNGD activities and health outcomes, with one being a qualitative study (Fryzek et al., 2013b; Hill, 2012; McKenzie et al., 2014; Perry, 2013; Steinzor et al., 2012 Steinzor et al., , 2013 Texas Department of State Health Services, 2010a) . Thirty eight studies were 'relevant' and 64 studies were 'not very relevant'.
The number of shale gas and tight gas-related studies greatly outweighed the number of CSG-related studies. Most of the reviewed literature focussed on a specific aspect of environmental impact of UNGD and would mostly provide speculative comments about the threat this could pose to health, but it did not provide any direct health outcome measures as caused by the particular hazard. Examples are the hazard posed by water polluted with chemicals used for hydraulic fracturing (Colborn et al., 2011; Maule et al., 2013) and human exposure with no measured health outcome to fugitive gas emissions in relation to residents living varying distances from gas wells (McKenzie et al., 2012) . Jenner and Lamadrid (2013) noted the lack of information on health cases to demonstrate how shale gas development impacts vulnerable populations. A few studies also examined occupational health and/or animal health in relation to UNGD. Table 2 shows that the reviewed literature is dominated by reporting on typical environmental exposure media, such as water and air pollution, that in some way relate to health outcomes. Adgate et al. (2014) noted that human health risk assessments have mostly focussed on risks from polluted air exposure. A small number of studies reported on other relevant environmental health topics related to the development of infrastructure in UNGD areas such as traffic, noise, and light. A number of studies also discussed symptomatology associated with UNGD, as well as risk perception and regulatory aspects. Any one study in Table 2 could cover more than one topic area, which is indicative of the general nature of the investigations and discussions in these studies.
Additionally, the majority of the studies that were classified as 'highly relevant' or 'relevant' were related to short-term impacts as opposed to long-term impacts. Very few, if any, studies focussed on long-term exposure to UNGD and/or health outcomes with long latency periods. Those that did discuss potential long-term health impacts were risk assessment and risk screening studies, which were generally found within the grey literature. These studies com- Coons and Walker, 2008; McKenzie et al., 2012; Subra, 2009; Walther, 2011; Witter et al., 2011; Wolf Eagle Environmental, 2009; Zielinska et al., 2011) , while other studies only allude to potential long-term health impacts and are speculative in nature. McDermott-Levy et al. (2013) noted that longitudinal studies on long-term exposure to either air or water contaminated by UNGD do not exist. Some health impacts related to UNGD may present relatively quickly after exposure; however, other health impacts, such as cancer, as well as endocrine disruption and developmental, nervous system, and reproductive effects, may not present for years due to longer latency periods Finkel et al., 2013a) . For example, in terms of cancer, leukaemia has a relatively short lag period and it was noted that a 4-year lag period has been observed, but cases can appear up to 15 years later (Goldstein and Malone, 2013) . Additionally, chemical exposures can result in unpredictable effects and certain effects can span generations (Colborn et al., 2011) . In terms of occupational health, Witter et al. (2014) noted that many occupational health outcomes, such as noise-induced hearing loss, benzenerelated disease, and silica-related lung disorders, have long latency periods, thus require years of follow-up for outcomes that can be measured in epidemiological studies.
3.1. Health-related impacts of UNGD activities on typical environmental exposure media 3.1.1. Water Large volumes of water (both in terms of ground and surface waters) are used and produced during UNGD. The main water-related concern reported in the literature is related to hydraulic fracturing ('fracking'), both in terms of surface and groundwater contamination (AEA Technology, 2012; Colborn et al., 2011; Coram et al., 2014; Eaton, 2013; Finkel et al., 2013a; Gordalla et al., 2013; Kaktins, 2011; Kassotis et al., 2014; Korfmacher et al., 2013; Lauver, 2012; McDermott-Levy and Kaktins, 2012; Perry, 2012; Tillett, 2013) ; however, it has been noted that it is likely that the greater threat is to surface water due to water demand and wastewater disposal (Eaton, 2013) . Sixty-nine percent (69%) of the reviewed studies discussed hydraulic fracturing and/or raised concerns about fracking in relation to health.
Another concern raised is that of pollution of aquifers caused by the movement of naturally occurring chemicals or elements as a result of UNGD activities. This includes methane gas migrating from the shale formations to shallower aquifers during UNGD activities , as well as elevated levels of naturally occurring radioactive material (NORM), which are found in shale formations (Kargbo et al., 2010) . Radioactive materials can become concentrated, creating technologically enhanced NORM (TENORM), thereby posing the greatest risk to workers who remove solids from tanks and pits, refurbish equipment, and handle drill cuttings (Lechtenböhmer et al., 2011; McDermott-Levy et al., 2013; Railroad Commission of Texas, 2014) . There are also concerns surrounding organic compounds in coal seams (Orem et al., 2007) .
Finally, concerns were reported about potential surface discharges of contaminated produced water (water drawn from the formation to initiate production, which flows to the surface for life of the well) and flowback water (predominantly fracturing fluids, which comes to surface after fracking is completed and before production begins) from shale gas production that could contaminate natural surface waters AEA Technology, 2012; Finkel et al., 2013a; Kaktins, 2011; U.S. Department of Energy, 2009; Vidic et al., 2013) .
The controlled storage of these waters will result in an increasing number of static surface water bodies, providing increasing numbers of potential breeding habitats for mosquitoes and other water-borne pests (Norris, 2004; World Health Organization, 2010; Zou et al., 2006) . While the risk of mosquito-borne disease is determined by a multitude of factors, increasing numbers of water bodies could cause mosquito proliferation in UNGD areas (Zou et al., 2006) .
3.1.1.1. Hydraulic fracturing. Hydraulic fracturing and improved directional drilling technology have allowed companies to explore for, and collect, gas from areas that were previously inaccessible, especially with shale gas (Korfmacher et al., 2013 ; U.S. Department of Energy, 2009) and CSG in Australia (Freij-Ayoub, 2012) . Although some have argued that hydraulic fracturing has resulted in an expanding industry that has benefits for employment rates, the economy, and greenhouse-gas emissions (Engelder, 2011) , hydraulic fracturing has not been popular with various groups, as well as some residents, and campaigners have spoken out against the process (Mackie et al., 2013) . The reviewed literature reported persistent environmental and public health concerns about chemicals used in hydraulic fracturing, including concerns expressed by medical and associated health professionals (Kaktins, 2011; Lauver, 2012; McDermott-Levy and Kaktins, 2012; McDermott-Levy et al., 2013; Queensland Government, 2013; Rafferty and Limonik, 2013) . Typically, two issues are brought up in the case against hydraulic fracturing. These include environmental impacts and potential human health risks, along with how these two intersect (Mackie et al., 2013) . Various discussion groups recommended increased actions around the issue of hydraulic fracturing, e.g., health impact assessment (HIA), baseline data, and exposure and epidemiological studies (Down, 2012; Down et al., 2013; Kovats et al., 2014) .
Concerns of fracking-related chemical contamination persist because the composition of the chemical mixtures used in the process is often unknown, leading to repeated calls for full disclosure of chemicals being used and/or use of fracking fluids with additives of no/low toxicity (Cleary, 2012; Kibble et al., 2013; Peduzzi and Harding Rohr Reis, 2013) . Also of concern are the quantities of fracking fluids being used. While it is said that chemical additives are approximately 2% of the total volume of fracturing fluid (Eaton, 2013; Wang et al., 2014) , each well requires up to 5 million gallons of fluid per fracking event, amounting to tons of chemicals being used Finkel et al., 2013a; Goldstein and Malone, 2013) . However, Gordalla et al. (2013) noted that, in terms of human toxicological threats, flowback water is more of a concern with respect to drinking water than fracking fluids because flowback water has organic compounds from the formation, as well as heavy metals. Additional concerns are that, even at low concentrations, these chemicals pose a health risk because of the potential for subsequent and chronic exposure to potentially polluted water sources (Colborn et al., 2011) . Systems in the human body, especially the endocrine system, are sensitive to low-dose exposures, even at levels containing only parts-per-billion or less (Colborn et al., 2011) . Kassotis et al. noted that more than 100 known or suspected endocrine-disrupting chemicals could potentially be used in natural gas extraction processes (Kassotis et al., 2014) .
Relatively few studies attempted to actually link fracking chemicals to what is known about health effects of exposure to specific chemicals, or mixtures of such chemicals. A recent study by Kassotis et al. (2014) suggested that tight gas drilling operations may result in higher estrogenic, antiestrogenic, or antiandrogenic activities in ground and surface water. Other studies discuss how exposure to specific fracking chemicals could result in various health effects should these be inhaled and ingested, as well as absorbed through the skin (Colborn et al., 2011) . Examples of such chemicals are (2-BE) ethylene glycol monobutyl ether, acetic acid, ammonia, ethylene glycol, isopropanol (propan-2-ol), methanol, and sodium nitrate. These can cause effects on skin, eyes, and other sensory organs, respiratory system, gastrointestinal system, and the liver, as well as effects on the brain, nervous system, and immune system (Colborn et al., 2011; Kargbo et al., 2010) . However, these studies did not address the contaminant release from UNGD activities to environmental exposure pathways, actual exposure doses and/or actual causality in terms of health outcomes in nearby communities in the UNGD areas. Colborn et al. (2011) and the Queensland Government (2013) submit that many of the toxicity and metabolic pathways that could link the environmental activity of UNGD to the health of communities in adjacent areas have not been fully studied. In a review conducted by Public Health England, which examined potential public health impacts of exposures to chemical and radiological pollutants from shale gas extraction in the United Kingdom, it was concluded that the process of hydraulic fracturing is unlikely to cause contamination of groundwater and risks to the public are low -if operations are properly conducted (Kibble et al., 2013) . One of the authors from the Public Health England report, Robie Kamanyire, reported that where groundwater had been contaminated there was no clear evidence of adverse health effects, except for reports of non-specific symptoms, which cannot be attributed to shale gas (Torjesen, 2013) . However, others have noted that this report is problematic, noting that the conclusions that were drawn in the report were not well-founded, there was a lack of attention on densely populated areas, and there was too much reliance on the assumption that regulations in place will ensure that development proceeds without problems (Law et al., 2014) . Instead, it was suggested that the Public Health England authors should have concluded, 'that the public health impacts remain undetermined and that more environmental and public health studies are needed' (Law et al., 2014) .
A small number of animal studies were related to UNGD, which are important to discuss because animals can be sentinels for human health. Animals are continually exposed to traditional environmental health media and have shorter lives and more frequent reproductive cycles (Bamberger and Oswald, 2012; Finkel et al., 2013b) . One study examined fish that were exposed to fracking fluids due to a spill in Acorn Fork Creek, Kentucky and found that exposed fish had more gill lesions and signs of stress as a result of exposure to heavy metals and a drop in pH compared to unexposed fish (Papoulias and Velasco, 2013) . Another study examined potential pathways of risk in relation to UNGD and brook trout (Weltman-Fahs and Taylor, 2013) . Of most relevance here is the chemical waste pathway, which in turn affects water quality and brook trout health. WeltmanFahs and Taylor (2013) noted that elevated concentrations of metals, which may occur in streams as a result of UNGD, affect growth, fecundity, and survival in brook trout. Bamberger and Oswald (2012) documented effects on cats, chickens, cows, dogs, goats, horses, koi, and llamas and found that the most common exposure was to contaminated water wells and/or springs, followed by ponds and/or creeks. The authors documented reproductive effects such as increased incidence of stillborn calves and congenital anomalies, seizures, vomiting, and rashes, as well as death from acute liver or kidney failure or respiratory failure with circulatory collapse (Bamberger and Oswald, 2012) . Ferrar et al. (2013) also noted reports of animal death and sickness reported to be associated with flaring or hydraulic fracturing in the Marcellus Shale region.
Finally, two studies examined Marcellus Shale drilling and the impact on dairy cows in Pennsylvania (Adams and Kelsey, 2012; Finkel et al., 2013b) . While one study did not specifically address hydraulic fracturing, both studies will be discussed here as hydraulic fracturing was likely used in those areas due to shale gas development. Adams and Kelsey (2012) examined changes in milk production and number of cows in relation to drilling activity for the period 2007-2010 and found that a higher level of drilling activity was associated with larger declines in numbers of cows, as well as milk production. Likewise, Finkel et al. (2013b) conducted a study comparing milk production, number of cows, and production per cow in Pennsylvania counties with significant UNGD to counties with less UNGD for the period 1996-2011. Finkel et al. (2013b) noted similar findings in that counties with the highest levels of drilling activity had greater declines in milk production and number of cows compared to counties with very little drilling. Both studies concluded that the data do not demonstrate a causal association between drilling activity and milk production or numbers of cows, but it is important to examine further (Adams and Kelsey, 2012; Finkel et al., 2013b) .
One additional topic that is important to discuss in this section is that of occupational health and emerging exposures as a result of hydraulic fracturing. Workers are often exposed to higher concentrations of chemicals for shorter periods of time, which is what government standards are typically based on (Colborn et al., 2014) . It was noted that occupational safety hazards in the oil and gas industry are well known, but the same is not true of occupational health hazards and there are very few studies on chemical exposure risks for workers in relation to hydraulic fracturing operations (Coussens et al., 2013; Esswein et al., 2013) . Several studies discussed health hazards related to hydraulic fracturing operations and respirable crystalline silica (from quartz sand), which is a concern for workers near mining operations and well pads (Chalupka, 2012; Coussens et al., 2013; Esswein et al., 2013; Korfmacher et al., 2013; Laney and Weissman, 2012; Witter et al., 2014) . Respirable crystalline silica is associated with numerous health effects, including silicosis, lung cancer, increased risk of tuberculosis, autoimmune diseases, and kidney disease (Esswein et al., 2013; Laney and Weissman, 2012) . Silicosis is often underreported because it has a long latency period and can develop decades after first exposure (Laney and Weissman, 2012) . The National Institute for Occupational Safety and Health (NIOSH) undertook an exposure assessment study of worker exposure to respirable crystalline silica during hydraulic fracturing operations and found that many of the samples exceeded occupational exposure limits (Esswein et al., 2013) . Certain workers, such as sand movers and blender operators, had the highest exposures (Esswein et al., 2013 ; National Institute for Occupational Safety and Health, 2012) .
None of the 'highly relevant' studies focussed specifically on hydraulic fracturing, its impact on water sources, and how this affects human health. A number of the 'relevant' studies followed a risk screening approach to fracking in shale gas or tight gas operations by using available data or conducted their own water sampling for a hazard assessment of the chemicals used and potential adverse health effects (AEA Technology, 2012; Colborn et al., 2011; Fontenot et al., 2013; Gordalla et al., 2013; Kassotis et al., 2014) .
3.1.1.2. Other forms of aquifer pollution. As with hydraulic fracturing fluid, organic compounds and other elements in produced water have potential to reach shallower aquifers from which drinking water is drawn. In this section, we reviewed potential pollution by: (1) naturally occurring organic compounds and (2) methane migration.
Of the naturally occurring organic compounds, it is the polycyclic aromatic hydrocarbons (PAHs), found in the water drawn from the coal seams, that are of highest concern for human and environmental health (Orem et al., 2007) . Health effects will depend on exposure pathways and the dose of whatever compound actually ends up in aquifers (Orem et al., 2007) . However, there is little research reported on water-related exposure pathways for organic compounds in produced water from UNGD activities. The review conducted by Public Health England noted that the shale gas extraction process has the potential to mobilise natural compounds within the water, but this will vary accordingly to the geology of the area -showing the importance of characterising the naturally occurring organic contaminants on a case by case basis (Kibble et al., 2013) . The authors also noted that baseline data are needed prior to UNGD to ascertain background levels and are necessary during and after production. Adgate et al. (2014) echo this notion and state that the peer-reviewed literature lacks studies on 'before' (UNGD) and 'after' water quality comparisons.
Methane gas, once released from the shale formations or coal seams, could seep into the aquifers intended for drinking water. However, this process, as well as the likelihood of it happening, is not very well understood Osborn et al., 2011) . Water samples sourced from water wells closer to shale gas wells have been shown to contain substantially higher concentrations of methane than groundwater wells farther away; however, while methane was found in these samples, there was no evidence of hydraulic fracturing fluids or formation waters in these samples Osborn et al., 2011) .
Wellbore casings serve as the principal protection against groundwater contamination. Poor casing quality can lead to methane being released in groundwater, especially during gas production following well development (AEA Technology, 2012) . Improper well construction and management increases the likelihood of methane migration to not only water, but also ambient air (House Republican Policy Committee, 2010; Ohio Department of Natural Resources Division of Mineral Resources Management, 2008). Orem et al. (2007) reported on PAHs detected in water sampled from the Powder River Basin, USA thought to be from leaching from subbituminous coal. The PAHs were not at concentrations and composition sufficient to cause acute health effects, such as red blood cell damage or developmental and reproductive effects, nor were the well-known cancer-causing PAHs detected. The data, although dosebased, were not linked to specific health outcome data or information on likelihood of exposure. Furthermore, health effects of chronic exposure to many of the PAHs are unknown; so it is difficult to predict the entire range of chronic health effects that might occur over time (Orem et al., 2007) . Another study examined total dissolved solids (TDS), as well as arsenic, barium, selenium, and strontium, and found that some private water well samples sourced from within a 3 km range of shale gas operations exceeded EPA's Drinking Water Maximum Contaminant Limit (MCL) (Fontenot et al., 2013) . For example, 29 of 90 water wells exceeded EPA's MCL for arsenic. However, it was noted that this could be because of a variety of factors, such as faulty drilling equipment, reduction of the water table from drought, and mobilisation into groundwater if iron oxide complexes are agitated (e.g., from UNGD activities), and the levels of arsenic measured in the study warrants further investigation (Fontenot et al., 2013) .
In the context of methane contamination of aquifers from which waters are sourced for drinking, evidence of health effects caused by ingestion of these waters are virtually non-existent; therefore, more research is needed in this area Schmidt, 2011) . The better-known health hazards posed by methane would be from inhalation at high concentrations, with effects including headaches, asphyxiation, nausea, and vomiting (Minnesota Department of Health, 2013; National Institutes of Health, 2014). However, reports did not state whether methane, in synergy with other constituents in the water, may pose a health risk.
Injury can be a concern if methane gas, mixed with air in confined spaces, ignites and possibly explodes (Eltschlager et al., 2001; La Plata County, 2002) . Reports tell of incidents where explosions are attributed to methane migration caused by shale gas and tight gas development, with natural gas entering homes via drinking water systems via well water sources (House Republican Policy Committee, 2010; Ohio Department of Natural Resources Division of Mineral Resources Management, 2008).
Many of the exposure pathways and subsequent health effects of exposure to potential pollutants, such as PAHs and methane, are unknown and the literature noted that more research is necessary. It was also clear that baseline studies are lacking to allow for 'before' and 'after' comparisons.
3.1.1.3. Water discharges and its management on the surface. Flowback fluid, as well as produced water, is typically treated to some degree, then discharged into surface waters, i.e., streams, rivers, etc. (Zoback et al., 2010) , or they can be recycled or stored, usually in open ponds (Kibble et al., 2013) . If not treated, this may lead to high levels of TDS, salts, and other chemicals (Kargbo et al., 2010; Zoback et al., 2010) , as flowback fluid and produced water can contain heavy metals, NORM, very high levels of salt, and other volatile organic compounds (VOCs), including benzene Guidotti, 2011) . Natural surface water can become contaminated by untreated waters leaking from plastic-lined storage ponds and wastewater pits, runoff, spills, and/or flood events and presents potential environmental health risks (AEA Technology, 2012; Guidotti, 2011; Korfmacher et al., 2013; Lechtenböhmer et al., 2011; Thompson, 2012; Zoback et al., 2010) . In some areas, produced water is sprayed legally on the land, in which runoff could contaminate surface water (Coussens et al., 2013; . Concerns have been expressed in Pennsylvania (USA) about violations of UNGD water management protocols since shale gas drilling began. This led to increased spills, leaky waste-holding pits, improperly lined ponds, as well as failure to properly store, transport, or dispose wastes (Kaktins, 2011; Pennsylvania Department of Environmental Protection, 2012) . In Garfield County, Colorado (USA), it has been shown that process and equipment malfunctions have been the most common cause of water contamination in relation to UNGD (Witter et al., 2011) . It was also noted that these accidents and malfunctions can impact all environmental media and can impact the health of workers, as well as residents (Witter et al., 2011) .
Impact on health-related air quality
Several types of volatile pollutants, such as VOCs, are released to ambient air from the various stages of UNGD activities such as well drilling, flowback, gas compression, condensation, and transport (McKenzie et al., 2012) . The potential effects on air quality and consequent health outcomes in the UNGD areas, in relation to environmental health, are a major concern (McKenzie et al., 2012) . One study estimated regionwide environmental and health damages in Pennsylvania resulting from air pollutant emissions associated with shale gas extraction at $7.2 to $32 million for 2011 (Litovitz et al., 2013) .
Much of the reporting related to air quality and shale gas, tight gas, or CSG focussed on emissions inventories and air sampling, with some associated health risk characterisation (Barnett Shale Energy Education Council ( Protection, 2011; Queensland Government, 2013; Walther, 2011; Wolf Eagle Environmental, 2009 ). The review showed that, along with some studies from other areas, such as Pennsylvania and Texas (USA), the majority of the studies focussed on health and air quality impacts have been conducted in Garfield County, Colorado. We do acknowledge that additional health-related studies have been conducted elsewhere, especially in the USA; however, the systematic search did not pick up the aforementioned studies. Therefore, the geographic range of reporting on air quality in this review is, therefore, quite limited.
The review showed that air quality concerns are broadly twofold: (1) hazard descriptions of air-borne pollutants combined with how these pollutants are released into the atmosphere and (2) the health/injury concerns, which will be reviewed in the following sections.
3.1.2.1. Air-borne pollutants -hazard and release. Naturally occurring methane seeps from the ground are a concern, especially when in close proximity to residential areas, given their potential to ignite wildfires (La Plata County, 2002). However, most of the air quality concerns addressed in the literature related to venting, fugitive gas emissions, and diesel emissions from UNGD operations. Methane is the fugitive gas mostly referred to in this context. Some reporting from shale gas and tight gas development also indicated that other pollutants of concern, most of which are combustion-related, are: benzene, carbon monoxide, hydrogen sulfide, nitrogen oxides (NO x ), particulate matter (PM 2.5 and PM 10 ), sulfur dioxide, and VOCs (Colborn et al., 2011; Colorado Department of Public Health and Environment, 2009; Down, 2012; Kaktins, 2011; Kibble et al., 2013; Weinhold, 2012; Witter et al., 2008a,b; Zielinska et al., 2011 Other sources of air pollutants include: direct emissions from engines and compressors (PMs, CO, NO x ); venting of condensate tanks (VOCs); and flaring (methane, NO x , PM) (Kibble et al., 2013) . Additionally, hydrocarbons in produced water in storage ponds are released through evaporation and could potentially be inhaled (Coons and Walker, 2008) . When sunlight reacts with NO x and VOCs, it develops excessive ground-level (tropospheric) ozone as a secondary contaminant (Walther, 2011; Witter et al., 2008a) . Although the authors did not relate their findings to health, Kemball-Cook et al. (2010) found that, even if development of the Haynesville Shale moves ahead at a slow pace, emissions will be large enough to have impacts on ozone levels and potentially ozone attainment status in Northeast Texas and Northwest Louisiana. Likewise, Olaguer (2012) found models that predicted the emissions associated with compressor engines in the Barnett Shale could increase ambient ozone by more than 3 ppb and even more so with possible flaring activities.
Tropospheric ozone is a pulmonary irritant that can affect respiratory mucous membranes, as well as respiratory function (Ebi and McGregor, 2008) . In studies unrelated to UNGD, authors have found that chronic exposure to ozone is associated with reduced lung function in adolescents, especially in adolescents with smaller airways (Tager et al., 2005) , and exposure to relatively low levels of ozone has been found to increase respiratory symptoms in infants, especially in infants whose mothers have physician-diagnosed asthma (Triche et al., 2006 ). Short-term exposure increases in ozone, not in the context of UNGD, have been found to increase mortality (Bell et al., 2004) and the authors noted that community-level characteristics can modify this relationship (Bell and Dominici, 2008) . Additionally, a small, controlled exposure study of young, healthy adults found increases in vascular markers of inflammation and changes in heart rate and fibrinolysis markers (Devlin et al., 2012) .
The majority of the studies that were deemed 'relevant' were related to shale gas and/or tight gas and conducted air sampling or made use of data from air monitoring networks, then compared measured air concentrations to some air contaminant compliance values. These included values from the literature (Colborn et al., 2014) , from federal and state health-based air comparison values (HBACVs) (Bunch et al., 2014) Protection, 2010 Protection, , 2011 to determine whether the measured air concentrations pose a risk to human health.
Some studies have evaluated hazard and release from different stages of well development in relation to shale gas and tight gas development (AEA Technology, 2012; Colborn et al., 2014) and have also modelled emission scenarios across all stages of development (Coons and Walker, 2008) . For example, in one risk screening study, the possible cumulative impacts of exposure to elevated levels of ozone during the well design, drilling, casing, and cementing stage, as well as the well completion stage, were considered to be potentially major due to the adverse effects on respiratory health (AEA Technology, 2012) . One study on tight gas development linked exposure to air emissions to distance from nearby gas wells (McKenzie et al., 2012) in an attempt to estimate cancer and non-cancer endpoints for residents at various distances from the well. Only one 'relevant' study focussed on CSG and air quality and the authors concluded that the results of air quality monitoring did not show pollutants at concentrations high enough to create adverse health impacts (Queensland Government, 2013) .
A limited number of studies addressed worker health and did not focus on respirable crystalline silica. Two studies focussed on drilling fluids and potential exposure of workers (Broni-Bediako and Amorin, 2010; Searl and Galea, 2011) . Broni-Bediako and Amorin (2010) concluded that exposure to drilling fluids is mainly through the inhalation, dermal, and oral routes and that circulation of drilling fluids can result in vapours, aerosol and/or dust, which can be inhaled. Searl and Galea (2011) undertook a toxicological review of drilling fluids and noted that the main health risks associated with inhalation of aerosol and vapour associated with oil-based drilling fluid are irritation of mucous membranes and neurotoxicity. Long-term exposure to drilling fluids is associated with increased risk of developing chronic respiratory illness, as well as impaired cognition, neurological impairment, and possibly dementia (Searl and Galea, 2011) . However, effects will vary dependent on drilling fluid composition. Finally, Ovuakporaye et al. (2012) studied the impact of gas flaring on lung function and found that residents in communities with gas flaring had reduced peak expiratory flow rates; however, this was in a community associated with oil production. Predictably, lung function worsened with longer exposure to flaring (Ovuakporaye et al., 2012) .
One of the most recent studies conducted evaluated exposures to VOCs in the Barnett Shale region (USA) on a community-wide basis (Bunch et al., 2014) . The authors noted that it was the 'most robust assessment of potential human health effects conducted to date' due to the length of the data collection period, continuous sampling using monitors at multiple sites, and the use of multiple approaches to assess risks to human health (Bunch et al., 2014) . However, the study has limitations in that air quality data were collected from fixed point monitors intended for regional atmospheric concentrations, rather than sampling at the community level, as seen in the study by McKenzie et al. (2012) . With this type of monitoring, point sources cannot be identified and it is likely that some areas will have higher or lower concentrations of pollutants to which residents could be exposed, but this will not be detected (Bunch et al., 2014) . Additionally, the fact that estimations of risk are employed in most of these studies implies that these efforts have yet to fully assess human health impact in these UNGD areas.
Inhalation-related toxicity values and biomonitoring.
Reporting on air quality is appreciably on the increase, but these studies still have limitations in their relevance to human health impact. The toxicological data is limited, with only a few acceptable inhalation-related toxicity values (Colorado Department of Public Health and Environment, 2010b). For example, one study identified 86 contaminants; however, for 65 of these contaminants, data were limited, implying that health risks could be underestimated (Colorado Department of Public Health and Environment, 2010b). Moreover, while studies on ambient air monitoring and risk characterisation assessed human exposure and potential risks to human health, the data available to be used for these assessments do not necessarily provide information on what is taken up in an individual's body (Bunch et al., 2014) , which suggests the need for concurrent biomonitoring studies. However, there were very few studies that have explored potential health risks and shale gas activities using biomonitoring . The biomonitoring study conducted by the Texas Department of State Health Services (TXDSHS) followed a biomonitoring approach, collected blood and urine samples, and analysed these for VOCs (Texas Department of State Health Services, 2010a). The authors concluded that the results were not consistent with community-wide exposures to airborne pollutants, e.g., those from shale gas development (Texas Department of State Health Services, 2010a). They also reported that other exposures might confound their findings, such as smoking or the use of consumer products containing these compounds (Texas Department of State Health Services, 2010a), meaning that there are many other likely sources for their results and it may not necessarily be attributable to UNGD.
3.1.2.3. Setback restrictions and exposure. A few studies also discussed setback (distance) restrictions in terms of air emissions from shale gas development and health. Gas wells are now being drilled in close proximity to more densely populated urban areas (Colborn et al., 2014) . One study used ambient air monitoring data and modelling to examine if the city's setback requirements were sufficient to protect public health and found it sufficiently protective for most sites (City of Fort Worth, 2011). However, another study of setback distances noted that there is variability amongst setback distances in municipalities in Denton County, Texas (USA) and found that empirical research is not used to determine 'safe' distances; rather, they are often political negotiations (Fry, 2013) . A tight gas-related study pointed out that each well pad is unique; so it is often difficult to determine one setback distance for all residences (Witter et al., 2013) . Finally, one of the few Australian studies found for this review noted that current Australian CSG operations are substantial distances from major residential areas, making potential health impacts likely to be less pronounced compared to the USA; however, this could change with a shift in setback restrictions in Australia (Coram et al., 2014) .
Health impact assessment and chemical air emissions.
One of the relevant studies was an HIA conducted on tight gas in Colorado. It found that residents could potentially experience health effects from exposure to chemical air emissions (Witter et al., 2013) . The HIA found that short-term health effects, including headaches and other neurologic symptoms, as well as airway and mucous membrane irritation were probable (Witter et al., 2013) . Long-term health effects, such as cancer and birth defects, as well as exacerbation of chronic diseases, e.g., asthma and chronic obstructive pulmonary disease, were seen as possible (Witter et al., 2013) .
3.1.2.5. Infant health and air quality. Infant health is also important to consider in all aspects of environmental health hazards, as UNGD presents multiple stressors that might affect a pregnant woman and the foetus. Two studies examining short-term impacts on infant health were reviewed (Hill, 2012; McKenzie et al., 2014) . Maternal and infant outcomes can be separated into short-term and long-term outcomes. Short-term infant outcomes include preterm birth, low birth weight, congenital malformations, respiratory distress syndrome, and sepsis, while long-term outcomes include cerebral palsy, chronic pulmonary disease, and learning disabilities (Misra et al., 2003) . While this research did not separate out effects of air pollution and water pollution, Hill (2012) suggested that exposure to shale gas development within at least 2.5 km from a gas well is detrimental to foetal development.
Some studies also discuss the potential for unmeasurable future health effects due to longer latencies, higher body burdens, endocrine disruption, synergistic and/or additive effects of likely exposures, pointing out that children may be more vulnerable to these exposures to the environmental pollutants generated by UNGD and must be considered in planning (Cleary, 2012; Colorado Department of Public Health and Environment, 2010b; Finkel et al., 2013a; Lauver, 2012) . A more recent peer-reviewed study found an association with maternal residential proximity to tight gas well sites and prevalence of congenital heart defects, as well as neural tube defects . However, more information is needed to address the spatial and temporal variability and the lack of specificity in the exposure assessment ; that is, it was acknowledged that there may have been some exposure misclassification in the study and additional data would be required in future studies to minimise this bias.
UNGD pollutants in soil
The review yielded a limited number of studies on pollutants in soil and/or their effect on soil quality as a result of UNGD activities (Coons and Walker, 2008; Queensland Government, 2013; Witter et al., 2008a Witter et al., ,b, 2011 . One Australian study reviewed environmental monitoring data and concluded that the soil sample results did not show any evidence of an association between the emissions from CSG operations and the symptoms reported by residents of a nearby community (Queensland Government, 2013) .
Soil could become contaminated by spills, leaks, or other incidents. Chemicals used in hydraulic fracturing, as well as drilling sludge, may contaminate soil during operations, storage, transport, and disposal (Zoback et al., 2010) . Drilling sludge may also be tilled into the soil in what has been termed 'land farms', a practice that has the potential to contaminate the soil (Finkel et al., 2013a; Witter et al., 2008a,b) . The HIA on tight gas conducted by the Colorado School of Public Health (2011) noted that surface soil could be contaminated by spills of fracking fluids, drilling muds, and diesel fuel, while diesel engine exhaust and wind erosion from drill cuttings could also contaminate surface soil through the deposition of particulates.
Pollutants, such as benzene, toluene, other petroleum hydrocarbons, barium, and other metals that may occur in drilling fluids, can be adsorbed in/absorbed to soil, creating a residue that will leach with rain and/or snowmelt. Pollutants in the soil can also be ingested incidentally or purposefully (i.e., pica), inhaled on dusty days, and absorbed through the skin (Coons and Walker, 2008; Witter et al., 2011) . The most probable route of exposure to pollutants in soil is through ingestion, and young children are typically at a higher risk than adults due to their hand-to-mouth behaviour (Coons and Walker, 2008) . Data on soil and soil quality in relation to UNGD, exposure pathways, and health outcomes are lacking. This is another area where baseline studies to allow for 'before' and 'after' comparisons would be beneficial in order to understand the impact of UNGD on this exposure media.
Impacts from UNGD infrastructure
Equipment, such as compressors and drilling rigs, the many vehicles used daily to service the development, as well as production operations, create a suite of environmental nuisances, such as light and noise pollution, and hazards such as PM 2.5 /PM 10 and traffic-related incidents. Yet studies about nuisance and hazard values, as well as health effects from site and infrastructure developments, were relatively few (Table 2 ) compared to the numbers of studies about the other typical environmental exposure media such as water and air.
Noise and light
Natural gas development processes are associated with noise pollution and light pollution, which can contribute to stress amongst those living in nearby communities (Down, 2012; Korfmacher et al., 2013; Peduzzi and Harding Rohr Reis, 2013; Witter et al., 2008a,b) . Construction, vehicles, drilling, compressors, flaring, and other processing equipment and facilities can all pollute through excessive noise and continuous illumination (Cleary, 2012) .
The HIA in Colorado identified noise pollution as an area of concern and noted that it occurs during drilling and completion operations, flaring, and as a result of traffic (Witter et al., 2013) . Workers can be exposed to noise through many sources on site, including diesel engines, drilling, generators, mechanical brakes, operation of heavy equipment, and radiator fans ; therefore, hearing impairment is a noise-related health concern for workers on site. The biomonitoring study from Texas found residents reporting concerns about odours and noise apparently related to shale gas well and compressor station operations, although this was a separate, independent component from the biomonitoring portion in order to address residents' concerns (Texas Department of State Health Services, 2010a). While the authors noted that it was difficult to determine if the levels were above acceptable limits that may be harmful to human health and that noise may affect quality of life (Texas Department of State Health Services, 2010a), this is speculative because noise levels were not measured to establish decibels of noise in the study area.
While the mechanics of exposure to noise pollution were not discussed, some studies reported on what would be acceptable noise levels for this industry and where to situate development and extraction activities to maintain an acceptable background level of noise (La Plata County, 2002) . However, these authors also noted that while noise standards might be met for one gas operation, the cumulative effects of multiple operations in one area might exceed these established decibel levels. In terms of setback distances, some noise regulations distinguish between maximum decibels for day and night, while others distinguish between maximum decibels for certain phases of the operation such as drilling, fracturing, and production; however, there is often variability and, in some areas, it is suggested that distances are set as monitoring points, not necessarily points indicative of being protective of health (Fry, 2013) .
Fewer studies discussed light pollution (ongoing exposure to light after dark) caused by UNGD activities that are conducted on a 24-hour basis. Some studies stated measures that can be taken to reduce light pollution such as directional lighting, glare restrictions, sodium vapour lights, light shields, and modifications to drilling rig placements (New York State Department of Environmental Conservation, 2011; Witter et al., 2011) . However, no studies measured exposure to artificial light associated with UNGD nor spoke of the health risk it might pose.
None of the reviewed studies were highly relevant because they did not assess the links between noise and/or light and potential or actual health impacts. Witter and colleagues also found that almost no literature has been published on noise levels and potential health impacts related to UNGD and that no studies have been published on light pollution and impacts on communities near development sites (Witter et al., 2008a) . The current review found that no studies have been published on light pollution as a result of UNGD and impacts on communities since the initial review by Witter et al.
Health symptoms related to low frequency noise exposure, which usually comes from continuously running compressors used in the operations, include stress, annoyance, irritation, fatigue, headache, unease, and disturbed sleep (Witter et al., 2008a ). An additional concern is that noise, in combination with exposure to VOCs, can cause hearing loss at lower levels of noise exposure than exposure to noise alone (Witter et al., 2008b) . The HIA conducted in Colorado noted that noise-related stress and sleep disturbance can probably affect health, while cardiovascular effects as a result of noise pollution are possible (Witter et al., 2011 (Witter et al., , 2013 . In terms of light pollution, recent studies on other industries have suggested links between light pollution and an increased risk of cancer, especially for shift workers who are exposed to nighttime light (Witter et al., 2008a) ; however, there were no studies specific to communities in proximity of UNGD sites. Both noise and light pollution can contribute to stress in residents living near natural gas operations and have the potential to affect quality of life (Korfmacher et al., 2013) .
UNGD related traffic
Traffic may increase in any given area as a result of UNGD, but the magnitude of this increase has not been studied in depth. The phases of development that require the most traffic load involve well pad construction, drilling and well completion, and pipeline construction (Witter et al., 2011 ). It appears that changes in traffic patterns will be dependent upon the area and the individual project or cumulative effects of multiple projects in an area. Industrial truck traffic can be detrimental to health-related air quality due to vehicle exhaust, as well as pose an increased risk of motor vehicle crashes. However, this section will focus mainly on what has been reported in terms of PM 2.5 , PM 10 , and/or noise caused by traffic and not on accidents and injuries. Some shale gas and tight gas studies noted the cumulative impacts of multiple projects in a region because of increases in traffic due to construction, drilling, transport of wastewater, transport associated with hydraulic fracturing, as well as an overlap of development phases on different well pads (New York State Department of Environmental Conservation, 2011; Witter et al., 2011) . One impact report focussing on CSG noted expectations of only minor increases in traffic (La Plata County, 2002) .
Heavy truck traffic associated with UNGD projects is reported to increase air pollution around well sites (Hill, 2012) , creating more particulate matter, higher levels of vehicle exhaust, and extra noise, which would reduce the quality of life for rural residents (Cleary, 2012; Down, 2012; Governor's Marcellus Shale Advisory Commission, 2011; Korfmacher et al., 2013 ; New York State Department of Environmental Conservation, 2011). For example, in Garfield County, increased levels of measured PM 2.5 are thought to be caused by tight gas development (Colorado Department of Public Health and Environment, 2009). Therefore, dust suppression measures should be included in traffic control plans (Korfmacher et al., 2013; La Plata County, 2002) . The HIA conducted by the Colorado School of Public Health noted that diesel emissions, which are likely to occur from industrial truck traffic on residential roads, may result in increased risk of traffic accidents (probable), as well as health effects of diesel exhaust (possible) (Witter et al., 2013) . While some research suggests minimal impact due to traffic and others suggest that traffic may be more of a key factor in development, this will likely depend on several factors, including the pace of development, as well as the number of operators in the area.
Societal impact
UNGD has the potential to affect people and communities through a variety of ways, including altering stress levels, financial concerns, chronic exposures, and perceived risks/impacts (Ferrar et al., 2013) . Many individuals experience rapid change in their environments as UNGD occurs (Steinzor et al., 2013) , which can contribute to societal impacts. Three environmental health-related societal impacts were identified in this review: (1) symptomatology (2) risk perception, and (3) governance and regulation.
Symptomatology
Nineteen studies fell under the symptomatology category, with six studies in the 'highly relevant' category -three from peer-reviewed literature and three from grey literature. However, one study from the grey literature was then published in the peer-reviewed literature; therefore, there are essentially five 'highly relevant' studies that discuss/examine symptomatology. The studies discussing infant health have been discussed in Section 3.1.2.5. Studies that included surveys on symptomatology or investigations of health complaints found that nearby residents (CSG areas in Australia and shale gas areas in USA) feel that their health is being adversely impacted by UNGD activities (Queensland Government, 2013; Steinzor et al., 2012 Steinzor et al., , 2013 . Residents reported numerous health symptoms they perceive to be related to UNGD (Bamberger and Oswald, 2012; Queensland Government, 2013; Saberi, 2013; Steinzor et al., 2012 Steinzor et al., , 2013 Subra, 2009 Subra, , 2010 Texas Department of State Health Services, 2010a) . As stated earlier in our review, these include nose, eye, and throat irritation, respiratory symptoms, nausea, nosebleeds, sleep disturbance, rash, headaches, ringing in ears, abdominal pain or cramping, extreme drowsiness, fatigue, and weakness. However, no evidence could be found of direct cause and effect. It has also been suggested that many of these often nonspecific symptoms associated with UNGD could reflect psychosocial stress , which could be seen as a health outcome in itself, but is as yet untested in literature. Steinzor et al. (2012) found that health complaints in the USA showed a pattern -where distances from shale gas facilities increase, the number of respondents reporting health symptoms decrease. For example, throat irritation was noted in 27% of respondents at 1500-4000 ft away from facilities, while 74% of respondents reported throat irritation at less than 500 ft. Another reviewed study also noted that residents in CSG development areas in Queensland, Australia reported reduced symptoms when away from the area and recurrence upon return to the area (Queensland Government, 2013) ; however, this was not quantified in any manner and relied on anecdotal reports.
Studies in shale gas areas noted resident complaints of frequent odour events, some of which include odours of unidentified gas, rotten eggs, burnt butter, sulfur, sickly sweet smells, chemical-like smells, and propane (Steinzor et al., 2013; Subra, 2009 Subra, , 2010 . The study by Steinzor et al. (2012) noted that 81% of respondents reported noxious odours either sometimes or constantly, while 18% reported odours every day. Steinzor et al. (2012) attempted to link health symptoms to various odours that respondents reported on, such as nosebleeds being linked to kerosene and other petrochemical odours, and propane and skin irritation being linked to chemical odours, chlorine, and sulfur.
In addition to these studies, three studies specifically investigated cancer incidence. Two studies were related to one another. One study was a follow-up to include more recent cancer data and was prompted by community concerns of benzene from shale gas drilling and possible increased cancer diagnoses in the area (Texas Department of State Health Services, 2010b . The more recent, updated study concluded that childhood leukaemia subtypes, childhood brain/CNS cancer subtypes, all-age leukaemia subtypes, and all-age non-Hodgkin's lymphoma for the study area zip codes were within expected ranges for both genders; however, female breast cancer cases for both zip codes were statistically significantly higher than expected (Texas Department of State Health Services, 2011). Investigators concluded that this is likely explained by the rapid increase in the population and the expected number of cases was also likely underestimated due to basing calculations on the 2000 Census (Texas Department of State Health Services, 2011).
The third study that examined cancer incidence was focussed on childhood cancer incidence and hydraulic fracturing, specifically incidence before and after fracking (Fryzek et al., 2013b) . The authors found that total number of cancers observed, as well as cases for childhood leukaemia, was close to expected before drilling began and after drilling, while there was a slightly elevated standardised incidence ratio for CNS tumours after drilling (Fryzek et al., 2013b) . The authors ultimately concluded that the study 'offers comfort concerning health effects of HF on childhood cancers', meaning that they concluded communities exposed to hydraulic fracturing are not at increased risk of childhood cancer, childhood leukaemia, and childhood CNS tumours (Fryzek et al., 2013b) . However, Goldstein and Malone (2013) have argued that there is no basis for this conclusion and that there are major flaws associated with the study. Additionally, the authors have pointed out that industry's funding of the study muddies the issue and adds to ongoing public controversy (Goldstein and Malone, 2013) ; however, the authors have addressed Goldstein and Malone's claims in a response (Fryzek et al., 2013a) . It should be noted that the study time period (between 1995 and 2009) did not fully capture development of shale gas in the Marcellus. Pennsylvania's Bureau of Oil and Gas Management reported that only 1500 wells had been drilled through 2009 -two years after the start of drilling in the Marcellus Shale (U.S. Department of the Interior, 2009). So, not a significant amount of drilling had occurred during the time period and many of the wells accounted for would not include Marcellus Shale wells.
Many of the reported symptoms are generalised symptoms and studies have not been able to attribute causality, which is often difficult to do; however, some studies found that some residents reported that when they leave their area of residence, their symptoms dissipate (Queensland Government, 2013; Steinzor et al., 2013) . Epidemiological studies investigating various types of cancer, including childhood cancer, have not linked UNGD to increased risk of cancer (Fryzek et al., 2013b; Texas Department of State Health Services, 2010b .
UNGD risk perception
While many residents in areas with prior resource development experiences form their perceptions based on those experiences (Witter et al., 2011) , the public also create perceptions based on scientific and regulatory investigations into the potential impacts of UNGD (Perry, 2012) . Challenges by companies and the associated trade organisations can then create a feeling of mistrust and appear as conflicting information, making the public uncertain on actual versus perceived impacts (Perry, 2012) .
Perception of health risk posed by UNGD is therefore an important issue to consider (Perry, 2012) . For many residents, fear of uncertainty surrounding UNGD can also lead to stress, worry, and anxiety (Perry, 2013) . Our review shows a clear need for research that compares public perception to actual data, as well as the need for improved risk communication to communities that may be affected.
Nine studies (Table 2) were identified in this review that examined risk perception and health. Only one study was in the 'highly relevant' category, while seven studies were in the 'relevant' category. In one study, some Pennsylvanian parents, when questioned about using bottled water versus tap water, raised strong concerns about chemicals in tap water from Marcellus Shale drilling where fracking has been conducted and the risk of their child developing cancer (Merkel et al., 2011) . This fear of the unknown caused great concern for parents, but whether this is actually causing health effects is not yet clear due to latency periods between exposure and effect and lack of empirical research in this area; however, it demonstrates the need for clear risk communication. Another study found that residents living in tight gas development areas perceived that their health was worse than neighbouring counties in the USA, even without the data supporting this perception (Coons and Walker, 2008) . Finally, one survey examined two adjacent counties with varying levels of Marcellus Shale drilling activity . It found that perception of drilling as an environmental and public health threat is a significant predictor for the level of support of natural gas drilling; however, this did not differ between the two counties , once again demonstrating the importance of risk perception amongst community residents.
Regulatory aspects
Reviewed literature reporting directly on regulations related to UNGD and health is limited and the geographic scope of studies sourced for this review is limited. Most of the peer-reviewed literature focussed on specific aspects of regulation, such as shale gas development in the European Union and deregulatory trends in the United States (Kotsakis, 2012) , state-level actions, such as New York and Vermont banning hydraulic fracturing until potential public health and environmental impacts are studied (Eaton, 2013; Weinhold, 2012) , and concerns from the medical community about regulations that are currently in place (Marks, 2014; McDermott-Levy et al., 2013; Saberi, 2013; Thompson, 2012; Weinberger et al., 2012) . Other aspects of regulation brought up in the peer-reviewed literature included the importance of political leaders supporting occupational health and safety research and the U.S. EPA hydraulic fracturing study and current regulatory and institutional barriers such as the EPA's lack of regulation over private drinking water wells (Perry, 2012) . The grey literature mostly focussed on policy recommendations (Cleary, 2012; Governor's Marcellus Shale Advisory Commission, 2011; Jackson et al., 2011) , risk identification and public health implications (AEA Technology, 2012; Down, 2012; Kibble et al., 2013; Zoback et al., 2010) and aspects of regulation, whether general or related to specific projects (New York State Department of Environmental Conservation, 2011; U.S. Department of Energy, 2009; United States Government Accountability Office, 2012).
Environmental impact assessments (EIAs) are an important part of the planning process in order to determine environmental effects of the proposed project and to mitigate adverse effects; however, it was noted that, while projects could result in health impacts, oftentimes EIAs do not involve health experts and health is defined to a limited scope or ignored (Wernham, 2011) . Determinants of health often include environmental and/or social factors, so it is beneficial to integrate health impact assessments into other impact assessments (World Health Organization, 2010). We did not review studies that appeared outside of the results using the methods described previously. Therefore, one supplemental environmental impact statement was reviewed (New York State) and we were not able to take EIAs, which may or may not integrate HIA, from other geographic regions into account.
However, some themes emerged from the government and regulatory-related literature that was reviewed. For one, public health professionals need to be sufficiently represented in government commissions and agencies (Goldstein, 2014; Korfmacher et al., 2013; Perry, 2012) and inter-agency cooperation (Kotsakis, 2012; Mitka, 2012) . There is a need for increased transparency and public participation, calling for an open, public process that includes communities and relies on local knowledge while incorporating technical and scientific data (Jenner and Lamadrid, 2013; Perry, 2012) . Additionally, stronger regulation should be considered to improve monitoring efforts, to ensure industry best practices, and strengthen the currently fragmented framework (Centner, 2013; Centner and O'Connell, 2014; Jackson et al., 2011; Jenner and Lamadrid, 2013; Kotsakis, 2012; Peduzzi and Harding Rohr Reis, 2013; Wang et al., 2014) . While many public comments reflect a concern about public health, of 52 members on three different advisory boards related to UNGD decision making, no members had health, health care, or public health education and expertise (Goldstein et al., 2012) . It will be difficult to increase research on environmental health as a priority for UNGD when the major groups involved may not have any understanding of the potential health impacts.
Several papers have emphasised the use of precaution and call for baseline and prospective epidemiological studies, which are currently lacking (de Melo-Martín et al., 2014; Finkel and Law, 2011; Howarth and Ingraffea, 2011; Korfmacher et al., 2013; Mitka, 2012; Thompson, 2012) . Most of these recommendations were made in the context of the United States and its current regulatory system, but can likely be applied elsewhere, especially the call for sufficient representation of public health professionals in government work, increased public participation, and baseline and prospective health studies.
Future studies and recommendations
While current unpublished work is not the focus of this review, it is worth mentioning ongoing epidemiological studies. There is a largescale study currently underway, which investigates potential health impacts of shale gas development and possible exposures in Pennsylvania. Geisinger Health, a major healthcare provider in the Marcellus Shale region, plans on using electronic health records, direct data collection, and collection of samples (Geisinger Health System, 2013) . The project has two main phases. The first phase is short-term (3-5 years) and will identify data sources, data gaps, and trends, as well as conduct pilot studies focussing on outcomes with shorter latency periods such as asthma and perinatal outcomes (Geisinger Health System, 2013) . Subsequent phases will involve ongoing data collection and will utilise longitudinal data; however, it was noted that it may require decades of research in order to examine the possible longer term health effects (Geisinger Health System, 2013) .
Additionally, we recommend the following for future studies to improve our understanding of potential health impacts. Firstly, direct and clear public health assessments should be included in EIAs that are required before approval of a gas development project. This will allow for other baseline studies to be conducted from where 'before' and 'after' comparative Environmental Health Impact Assessments were conducted. This should include data on infrastructure development, environmental carrier media, and health status. Such impact assessments should be programmes that include longitudinal studies, such as the current study by Geisinger Health, in order to track potential environmental health impacts. This will provide data for assessing short-and long-term impacts. This will also allow for comparing situations with and within UNGD areas. For example, comparisons of UNGD areas with and without hydraulic fracturing, UNGD areas with areas devoid of such development, or UNGD areas with other areas of high environmental activity, e.g., coal mining areas or dense urban developments. Electronic health records should be linked to environmental data in each area to assess exposure for residents living in those areas. Additionally, a biomonitoring programme could be included to have data on individual exposures where health and environmental records cannot plausibly be linked. Finally, healthcare professionals, including pharmacists, in UNGD areas can be a rich source of health impact data and should be considered in an impact assessment programme.
Conclusion
This paper presented a review of the available scientific evidence on environmental health impacts of UNGD, specifically shale gas, tight gas, and CSG. While some environmental health research has been conducted with regard to UNGD, it is clear that there is a lack of highly relevant evidence of direct health outcomes caused by the activities of UNGD. However, it should be noted that absence of evidence does not mean evidence of absence. The literature reviewed in this paper, as well as a persistent and substantial public response, continues to suggest concern.
The research reported here is dominated by traditional environmental health issues such as health-related impacts from air and water quality. There are still many unknowns such as vector-borne disease, the hazard potential of environmental pollutants, soil quality, noise and light pollution, traffic, and risk perception. More research is also needed into the impacts that these risk factors and exposures might have on human health outcomes. The research is also dominated by studies on short-term impacts, with some risk assessments on long-term impacts or discussions alluding to long-term impacts. This may be due to the rapid pace of development in recent years; however, it is imperative that longitudinal studies are put in place so that potential long-term impacts, or lack thereof, can be assessed.
With interest in researching UNGD and health rapidly increasing, it is inevitable that more studies will be published in the near future in peer-reviewed literature and in publically accessible media. While we attempted to do this review as exhaustively and comprehensively as possible, it is recognised that this review will have had shortcomings in terms of our search strategy, which may not have identified all relevant, and perhaps available, literature. Additionally, there may be more data in domains that cannot be searched so, regrettably, data from these sources were not included here. It is imperative for government and industry bodies to make the process as transparent and open as possible so that data can be accessed, which can help to add more studies to the 'highly relevant' category.
When considering UNGD on a more global scale, the majority of the reviewed research comes from the USA, with some also from Australia, and limited research being reported in the Englishlanguage databases from outside these two countries where UNGD is ongoing, e.g., Europe. The majority of research reviewed here focusses on shale gas, with some research on tight gas and even less research on CSG. This may be due to differences in the length and pace of development in various regions, as well as differences in emission profiles for the various types of gas. There can be little doubt that as many additional countries develop their natural gas resources, the hydrogeology and other environmental settings will vary from one area to another. Therefore, it is important that similar research is conducted in other regions to determine if environmental health hazards and impacts are similar, or if there are additional environmental health concerns that should be considered.
In reviewing available studies for strength of evidence, there are very few, if any, methodologically rigorous studies that have examined the potential cause-and-effect of UNGD in the construct of hazard analyses, linked to exposure pathways and the actual health outcomes. In fact, our review shows that most of the peer-reviewed research was 'not very relevant' in this context. Most of the 'highly relevant' studies cannot be described as scientifically rigorous, due to methodological limitations, such as measurement and selection bias, as well as potential confounding.
Overall, our review identified that adverse health impacts were most often alluded to only in the context of UNGD or perhaps attributed to these activities as a principle of precaution. Regarding the grey literature, most of the studies were in the 'relevant' to 'not very relevant' categories, with the majority of the reports considered 'relevant'.
Overall, there was very limited systematically gathered, scientific evidence of health effects directly caused by UNGD activity. Notably, this review identified only seven studies as 'highly relevant', demonstrating the lack of research on direct health impacts associated with UNGD. More importantly, while evidence of the environmental cause of adverse health impact was lacking, several scholars and experts voiced concerns about the potential for adverse health outcomes. These concerns were based on credible evidence of detrimental environmental impact and strongly suggest that the lack of evidence of health impact does not dismiss claims of health impact. The available evidence, or lack thereof, is not sufficient cause to rule in or rule out significant or specific, future, or cumulative health impacts of UNGD activities.
It is probable that the lack of evidence on direct causal links between environmental hazards and health outcomes is a result of the rapid expansion of this industry in a short period of time -leaving evidence-based research activities with very little time to respond. Additionally, there is the potential for environmental health outcomes with longer latencies for which effects may not yet be seen.
While some authors are adamant about the potential health harm, it remains difficult to credibly assess the extent of the risk posed to the public, and implications for government agencies and the resource companies, while this gap in scientific knowledge remains. Future work needs to be focussed on research that includes baseline monitoring and prospective studies to summarise, diagnose, and predict what environmental health impacts of UNGD might be.
